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Introduction
Design, fabrication, integration and feasibility test results of a microfabricated cell capture device (MCCD) were published in the first part of this paper [1] highlighting the advantages of a novel combination of proton beam writing (PBW) [2] and conventional UV lithography. The resulting unique hybrid device had a small inner part of doubly tilted micropillar array for improved cell capture, fabricated by PBW, while the surrounding area of the chip was generated using UV lithography. This novel combination extended the potential of conventional microstructuring techniques generating high interest both from engineering and biological application points of views.
The computational fluid dynamics (CFD) assisted chip design and the entire microfabrication process were demonstrated with some preliminary test results on flow characteristics [1] .
Despite of the ever-growing interest in the development of innovative cell capture devices, this field is still in its early stage. Only a few studies focused on the in-depth evaluation of MCCDs, mainly Electrophoresis This article is protected by copyright. All rights reserved. This approach provided valuable data on the overall characteristics of the developed MCCDs but neither provided detailed information about the individual movement / trajectory of a given cell nor the cell -surface interaction. Kirby and coworkers carried out pioneering work to explore the mechanism of immuno-affinity based cell capture [3, 4] by studying the frequency of target/impurity cell -pillar collision. They concluded that capture performance in Hele-Shaw geometry was strongly dependent on the actual array layout. Similarly, the Toner group observed that cells flowing along streamlines in an ordered bed of posts have the same chance for adhering to a post surface of pillarby-pillar [5, 6] . Therefore, they proposed a complex array where microposts were arranged in an equilateral triangular geometry. Dickson et al. developed an interesting MCCD, in which the diameter and spacing of posts were randomized to overcome the problem of low flow rates generally applied in microfluidic devices. In contrast, Viovy and his colleagues did not observe significant effect of shifting columns in the pillar array in case of their Ephesia device [7] .
All of these studies significantly contributed to the better understanding of cell -solid phase interaction mechanisms, but the conclusions could not be directly applied to the tilted micropillars we have reported earlier. Therefore, as a continuation of our previous work, we evaluated the flow characteristics with the use of the developed flow distributor together with the doubly tilted micropillar array with special emphasis on their cell capture potential using a detailed image sequence analysis. The in-house developed analysis routine can assess the level of single cell behavior during the capture process. The microfluidic chip utilizing the special tilted micropillar component was used in all cell capture experiments. The major advantages of the hybrid device were the increased functional surface area and the enhanced dynamic behavior of the fluid in the capture chamber. Electrophoresis This article is protected by copyright. All rights reserved.
2 Theoretical considerations of single-cell tracking
One of the biggest challenges of computational fluid dynamics (CFD) generated models is the external validation part, which is even more difficult in case of microfabricated structures [8] .
Particle tracing methods require a transparent chamber and colored tracer particles to determine the velocities in such a device [9] . The basic idea of this approach is the same as in particle image velocimetry methods, i.e., sufficiently small marker particles are illuminated and their pathway is recorded. However, image sequence processing methods can be used without laser excitation resulting in a much simpler setup and moderate experimental cost. By the utilization of image sequence analysis, even multiphase systems can be analyzed, assuming that of a transparent system and the recorded turbulent vortexes can be evaluated [10] In this study, cell trajectories were recorded using a digital camera -microscope objective assembly, which was placed above the flow through microchip device. The recorded image sequences were then analyzed by an in-house developed routine, performed in MATLAB 2015b environment utilizing functions form its Image Processing Toolbox. The motion analysis was based on direct comparison of the actual images against the reference images, i.e., the background. Recorded RGB images were converted to grayscale to reduce their complexity to help the cell tracking algorithm.
The first step of the detection procedure was the edge identification, where the Prewitt edge detection algorithm was applied with 0.02-0.08 threshold [11] . The applied optimal threshold value mainly depended on the image contrast, thus it was automatically adjusted for every image. Electrophoresis This article is protected by copyright. All rights reserved.
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Comparison of the actual and background images resulted in coordinates of circle shape spots (built up from at least 50 pixels), which were collected as the actual positions of the cells in the microchip.
A moving window approach was used to define the reference image, i.e., the background was handled as the average of 100 previous frames before the actual one. Utilization of the moving window technique was necessary since every successful cell capture event changed the background.
The coordinates of each spot in every image and the detection time were collected during the analysis.
Reconstruction of the cell trajectories was based on the calculation of maximal cell movement using the coordinates of each observed cell. Negative differences (cells moving backwards) in coordinates were neglected. The cell identity criteria was set up as 40 pixels, meaning if the difference between two detected cells was less than the criteria then the cell was considered the same that was observed in the previous time step. The accepted coordinates were then acquired and the resulted trajectories evaluated.
Materials and Methods

Chemicals and Cell-culture solutions
If not noted otherwise, chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Colon www.electrophoresis-journal.com
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This article is protected by copyright. All rights reserved. with PBS. Please note, all functionalization steps were conducted at 100 µl/h flow-rate.
Observation of single cell movement
The performance of the microfabricated device was evaluated by examining the flow pattern of HT29 colon cell suspension inside the MCCD, which was injected by a syringe pump (KD Scientific
Inc., Holliston, USA) at 30 μl/h flow rate. Individual cell trajectories were monitored and recorded using a Nikon Eclipse TE200 (Nikon Instruments Inc., Tokyo, Japan) inverted microscope equipped Electrophoresis
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7 with a Hamamatsu C5810 cooled CCD camera (Hamamatsu Photonics K.K, Hamamatsu, Japan) as shown in Figure 1 . Since the HT29 cells were clearly visible under normal light conditions, no staining was necessary. The acquired digital video footing was evaluated as described in Section 2.
Modeling
Details of the modeling approach were previously reported [1] . Briefly, the CAD model of the entire doubly tilted pillar array was imported in COMSOL Multiphysics (version 4.3.0.151, Stockholm, Sweden). The modeling was based on the laminar form of the Navier-Stokes transport equation, which was solved as a time-dependent problem. Flow conditions were set up with the same values used in the experimental work, i.e., velocity and pressure were defined at inlet and outlet boundaries. The applied mesh was tested for grid-size independency [8] .
Results and discussion
Modeled cell trajectories
The calculated steady-state streamlines, as characteristic representation of the time-dependent solution, are shown in Figure 2 , while additional modeling results were discussed earlier [1] . As one can observe, some of the streamlines end up at the pillars (especially in the lower middle section, depicted by arrows), suggesting that the fluid flow rate was below a certain specific velocity value, where most likely cell movements stopped. These regions can be considered as dead zones from fluid dynamics point of view. The negligible low ratio of the particular dead zones suggests that the design of the developed MCCD was close to the optimal configuration.
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Cell tracking
Validation of the simulation results with experimental tests is a general requirement for all modeling based approaches [8] . Successful validation of the model consenting the use of simulation derived data was especially important in our case, where a novel and previously not investigated type of micropillar domain was modeled in 3D, including a complex system of flow obstacles and flow distributor as shown in Figure 3 . Please note, in Figure 3 some of the pillars were apparently out of the embedding chip, which was due to the imperfect alignment. In such a microfluidic system, it was difficult to make direct flowrate and/or pressure measurements without disrupting the flow itself, thus reliable simulation data was of high importance. The modeled data were validated with an inhouse developed cell tracking routine, based on image sequence analysis. 
Evaluation of the flow distributor
A typical MCCD comprises an inlet/loading channel, a flow distributer, a functional part, and an outlet. One of the important aspects to the success of immune-affinity based microfluidic cell capture is the proper design for uniform flow velocity distribution while maximizing the flow rate [7, 12] . It was considered that combination of more channels in the sample load onto the micropillar array (functional part) may lead to more homogenous flow rate distribution. However, more channels on the same area result in smaller channel diameters, which raises the risk of clogging due to blood / cell coagulates. In order to overcome this limitation, the earlier developed inlet channel layout with a minimized footprint flow distributor [13] was utilized in the current work. Since commonly targeted rare-cells are very low abundant in human blood (typical concentration is in the order of 1-10 cell per mL of whole blood), the developed tilted micropillar array based chip was optimized to provide homogenous flow velocity distribution and consequently uniform spreading of cells with high cell capture efficiency. The flow distributor was modeled earlier by CFD [13] and experimentally verified during this study as an important part of the implementation of the proposed approach. Figure 4 shows the analysis of the resulted cell distribution visualizing the cell detection frequency in terms of the percentage of the total number of observations. The observed cell spreading was adequately homogenous in spite of the fact that the applied cell suspension was injected without any prior size based filtration, i.e., the sample contained spacious cell clusters and other components as discussed in section 4.1.
In addition to the excellent performance in forming uniform flow distribution, the developed flow distributor resulted in moderate pressure drop / flow resistance with minimized footprint.
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Mechanism of cell capture
One of the most important advantages of immune-affinity based cell capture is its very high selectivity for the targeted cells due to the specificity of the antibody-antigen recognition. In this study, anti-EpCAM antibodies were used [5, 14] , but the hybrid PDMS chip was suitable for any other types of capture agents. It is obvious that the overall cell capture efficiency is the sum of several factors such as the respective antibody and antigen density on the surface of the chip and the cells, Thorough inspection of the trajectories in Figure 5 revealed that some of the recorded paths (marked with A in Figure 5 ) were shifted towards the inclined side of the pillars. Most likely, this displacement effect was due to the asymmetric pressure and shear force distribution near the tilted micropillars [1] . Such a significant displacement effect proved to be especially beneficial from the capture efficiency point of view since cells, which were pushed towards the antibody covered pillar surface, were captured with higher probability. Interestingly, tracked cells did not slow down near the pillars (no color change visible on the trajectories), which was probably due to the similar inertia of the cells and the flowing media. Other cells flowing in the main stream were not affected by the intended lateral displacement, thus had similar apparent behavior like the cells processed in conventional cell capture devices [5] .
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